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0XOWLSKDVH63+0RGHOLQJRIDLUHIIHFWRQWKHG\QDPLFIORRGLQJ
RIDGDPDJHGFDELQ 
;<&DRD)50LQJD$0=KDQJD*/7DRDE 
D&ROOHJHRI6KLSEXLOGLQJ(QJLQHHULQJ+DUELQ(QJLQHHULQJ8QLYHUVLW\+DUELQ&KLQD 
E'HSDUWPHQWRI1DYDO$UFKLWHFWXUH2FHDQ	0DULQH(QJLQHHULQJ8QLYHUVLW\RI6WUDWKFO\GH*ODVJRZ*/=8. 
7KHDLUIORZPD\WDNHHIIHFWVRQWKHUHVSRQVHVRIWKHGDPDJHGVKLSLQWKHG\QDPLFIORRGLQJ
SURFHVV,WQRWRQO\UHODWHVWRWKHDPRXQWRILQIORZEXWDOVRWKHVWDELOLW\RIWKHVKLS,QRUGHUWR
DFFXUDWHO\SUHGLFWWKHUHVSRQVHVRIDGDPDJHGVKLSLWLVHVVHQWLDOWRWDNHWKHDLULQWRDFFRXQW
,QWKLVVWXG\DPXOWLSKDVH63+PRGHOFRPELQHGZLWKDGXPP\ERXQGDU\PHWKRGLVSURSRVHG
2QHRIWKHDGYDQWDJHVRIWKHQHZ63+PRGHOLQVROYLQJWKLVQRQOLQHDUSUREOHPLVWKDWLWGRHV
QRWUHO\RQRWKHUDOJRULWKPVWRWUDFNWKHLQWHUIDFHRIGLIIHUHQWSKDVHVEXWFDQHDVLO\GHDOZLWK
EUHDNLQJVSODVKLQJDQGPL[LQJ7KHVWDELOLW\DQGDFFXUDF\RIWKHQXPHULFDOPRGHODUHYHULILHG
E\ FRPSDULQJ ZLWK H[SHULPHQWDO DQG SXEOLVKHG QXPHULFDO UHVXOWV 7KH DLU FDSWXUHG LQ WKH
IORRGLQJSURFHVVLVIXUWKHUVWXGLHGZLWKIRFXVRQWKHH[FKDQJHRIDLUDQGZDWHUQHDUWKHRSHQLQJ
)LQDOO\WKHHIIHFWVRIWKHVL]HVDQGQXPEHURIWKHGHFNRSHQLQJVRQWKHDLUIORZDUHDQDO\]HG
,W LV IRXQG WKDW WKH DLU IORZ FDQ UHGXFH WKH NLQHPDWLF HQHUJ\ RI LQIORZ ZDWHU OHDGLQJ WR
GHFUHDVHVLQWKHG\QDPLFPRPHQWIRUPHGE\WKHIORRGLQJZDWHUDQGVLQNLQJUDWHRIGDPDJHG
FDELQ  
.H\ZRUGV)ORRGLQJ0XOWLSKDVH63+PRGHO$LUIORZ'\QDPLFUHVSRQVH 
 
                                                 
* &RUUHVSRQGLQJDXWKRU(PDLODGGUHVV]KDQJDPDQ#KUEHXHGXFQ$0=KDQJ 
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1. Introduction 
7KHIORRGLQJRIDVKLSLVDFRPSOH[PXOWLSKDVHIORZSUREOHPDQGDOVRDIOXLGVWUXFWXUH
LQWHUDFWLRQSUREOHP>@2QFHWKHKROHLVSURGXFHGRQWKHRXWHUSODWHWKHZDWHUPD\IORZLQWR
WKHVKLSFDELQUDSLGO\DQGLPSDFWRQWKHLQQHUVWUXFWXUHVPHDQZKLOHWKHDLULQVLGHWKHVKLSZLOO
EHFRPSUHVVHGRUSXVKHGRXW'XH WR WKH ODUJHGHIRUPDWLRQVSODVKLQJDQGEUHDNLQJRIIUHH
VXUIDFHDLUEXEEOHVPD\EHWUDSSHGLQZDWHUDQGFRDOHVFHGDWWKHLQWHUIDFH%HVLGHVIRUWKH
UDSLGIORRGLQJFDVHWKHDLUFXVKLRQDERYHWKHZDWHUOHYHOFDQEHIRUPHGLQDQDLUWLJKWFDELQ
:KDW¶VZRUVHWKHVHFRPSOH[IOXLGIORZVDUHFRXSOHGZLWKWKHQRQOLQHDUPRWLRQRIWKHVKLSKXOO
> @ VR LW LV YHU\ GLIILFXOW WR IRUHFDVW WKH FRPSOLFDWH K\GURG\QDPLF SURFHVV 'XULQJ WKH
IORRGLQJ SURFHVV WKH G\QDPLFV RI WKH DLU IORZ SOD\ D GRPLQDQW UROH DQG FRPSURPLVH WKH
VWDELOLW\RIWKHGDPDJHGVKLSZKLFKPD\OHDGWRVHYHUHFRQVHTXHQFH>@DQGZDUUDQWVWKRURXJK
VWXG\ 
3DOD]]LDQG'H.DW>@IRXQGE\H[SHULPHQW WKDW WKHDLUIORZZLOO LQWURGXFHDGGLWLRQDO
GDPSLQJDQGWKHDLUFRPSUHVVLELOLW\ZLOOFDXVHWKHHQHUJ\GLVVLSDWLRQWKXVWKHIOXLGPRWLRQ
DQGUHVRQDQFHDPSOLWXGHDUHUHVWUDLQHG+HDUQHWDO>@GHYHORSHGWKHVWLIIQHVVH[SUHVVLRQIRU
WKHLQWHUQDODLUWRVWXG\WKHDHURVWDWLFLQIOXHQFHVRIWKHDLURQWKHPRWLRQRIDGDPDJHGVKLS
'LIIHUHQWPRGHOVIRUWKHLQWHUQDODLUVWLIIQHVVZHUHSURSRVHGWRVDWLVI\WKHDGLDEDWLFHTXDWLRQ
6PLWK>@PHDVXUHGWKHZDYHORDGVRIDGDPDJHGFDELQPRGHOXQGHUWKHIRUFHGYLEUDWLRQDQG
IRXQGWKDWWKHDLULQFUHDVHVWKHPRWLRQGDPSLQJRIWKHPRGHO5XSRQHQHWDO>@SRLQWHG
WKDWWKHDLUIORZDQGDLUSRFNHWVKDYHVLJQLILFDQWLQIOXHQFHVRQWKHG\QDPLFIORRGLQJSURFHVV
RIDGDPDJHGFDELQLQFHUWDLQFRQGLWLRQVE\FRPSDUDWLYHVWXGLHVRIH[SHULPHQWDQGQXPHULFDO
VLPXODWLRQ6WUDVVHUHWDO>@XVHGD&)'FRGHEDVHGRQ5$16(DQG92)PHWKRGWRPRGHO
WKHIORRGLQJFRQVLGHULQJZLWKDLUFRPSUHVVLRQDQGQRWLFHGWKDWIORRGLQJLQVKLSZLWKRXWODUJH
DLUYHQWLODWLRQVVORZHGGRZQZKHQWKHGDPDJHGRSHQLQJZDVIXOO\VXEPHUJHG$LUIORZDQG
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DLUFRPSUHVVLRQPD\IXUWKHUFRPSOLFDWHWKHG\QDPLFIORRGLQJSURFHVV,QPRVWVWXGLHVRQWKH
WRSLFUHSRUWHGWRGDWHWKHIORRGLQJZDWHULQWKHFDELQLVDVVXPHGDVDIODWVXUIDFHSDUDOOHOWR
WKHVHDOHYHOWKHQWKHG\QDPLFIORRGLQJPRWLRQDQGWKHH[FKDQJHRIWKHDLUDQGZDWHUQHDUE\
WKHRSHQLQJDUHLJQRUHG+RZHYHUIRUDGDPDJHGFDELQIORRGLQJZLWKDKLJKUDWHRUIORRGLQJ
ZLWKIOXLGEUHDNLQJDQGFRDOHVFLQJWKHDVVXPSWLRQFDQUHVXOWLQDODUJHGLVFUHSDQF\FRPSDUHG
WRWKHDFWXDOVLWXDWLRQ,QRUGHUWRREWDLQWKHUHDOLVWLFIORRGLQJSURFHVVLWLVQHFHVVDU\WKDWWKH
QXPHULFDO PRGHO IRU G\QDPLF IORRGLQJ LV DSSOLHG ZLWK WKH DERYHPHQWLRQHG IDFWRUV EHLQJ
FRQVLGHUHGSURSHUO\7KHPHVKOHVVVPRRWKHGSDUWLFOHK\GURG\QDPLFV63+PHWKRGLQVROYLQJ
WKHG\QDPLFIORRGLQJSURFHVVZKLFKUHODWHVWRIUHHVXUIDFHVORVKLQJ>@VODPPLQJ>
@ DQG FRXSOLQJ ZLWK VWUXFWXUHV >@ KDV VKRZQ LWV GLVWLQFW DGYDQWDJHV :LWK WKH
GHYHORSPHQWRI63+WHFKQLTXH>@ WKHDSSURDFKHVIRU WKHLQWHUIDFHRIGLIIHUHQWSKDVHV
>@DQGFRPSXWDWLRQDOHIILFLHQF\>@KDYHEHHQLPSURYHG  
7RLQYHVWLJDWHWKHIORRGLQJSURFHVVFRQVLGHULQJWKHDLUIORZWKHPXOWLSKDVH63+PRGHO
LVGHYHORSHGLQWKLVSDSHU9DOLGDWHGE\WZREHQFKPDUNVLHWKHFODVVLFDOGDPEUHDNDQGWKH
VLQNLQJSURFHVVRIDQLQWDFWER[WKHPXOWLSKDVH63+PRGHOLVWKHQDSSOLHGWRWKHFRPSDUDWLYH
VWXG\RIDGDPDJHGFDELQIORRGLQJZLWKRUZLWKRXWDLUIORZWRUHYHDOWKHLQIOXHQFLQJPHFKDQLVP
)LQDOO\WKHG\QDPLFH[FKDQJHRIDLUDQGZDWHUIRUWKHGDPDJHGFDELQZLWKGLIIHUHQWRSHQLQJV
RQWKHXSSHUGHFNLVVWXGLHGDQGWKHHIIHFWVRIDLUIORZDUHH[DPLQHG  
 
2. Numerical methods  
%DVLFHTXDWLRQRIWKHPXOWLSKDVH63+ 
7RVROYHWKHG\QDPLFIORRGLQJSURFHVVRILQWHUHVWDPXOWLSKDVHPRGHOLVGHYHORSHGEDVHG
RQ63+PRGHO LQ&RODJURVVLDQG/DQGULQL >@ZKLFK LV D VLPSOHSURFHGXUH WRSUHGLFW WKH
LQWHUDFWLRQVEHWZHHQGLIIHUHQWSKDVHV7KHPXOWLSKDVH63+PRGHOLVEDVHGRQWKHDVVXPSWLRQ
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RIWKHZHDNO\FRPSUHVVLEOHIOXLGDQGFDQEHVROYHGLQDQH[SOLFLWZD\7KHDLULVDVVXPHGWR
EHLVRHQWURSLFWKXVLWLVQRWQHFHVVDU\IRUVROYLQJWKHHQHUJ\HTXDWLRQDQGWKHSUHVVXUHLVWKH
IXQFWLRQ RI GHQVLW\ 7KH 1DYLHU6WRNHV HTXDWLRQV IRU ZHDNO\ FRPSUHVVLEOH IOXLGV LQ D
/DJUDQJLDQIRUPDUHDVIROORZ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:KHUH U  v  x  g DQG P GHQRWH WKH GHQVLW\ WKH YHORFLW\ WKH FRRUGLQDWH WKH JUDYLW\
DFFHOHUDWLRQDQGWKHSUHVVXUHUHVSHFWLYHO\,QRUGHUWRVROYH(T WKHGHULYDWLYHVLQLWFDQ
EHILUVWO\ZULWWHQDVDQLQWHJUDOLQWKHGRPDLQWKURXJKWKHNHUQHODSSUR[LPDWLRQ)RUDFHUWDLQ
YHFWRUIXQFWLRQ ( )f x WKHGLYHUJHQFHFDQEHWUDQVIRUPHGDV>@ 
 
( ) ( ') ( ') d 'W:   !|  ³f x f x x x x   
:KHUH 'x  LVDQDGMDFHQWSRVLWLRQRI x  DQG ( ')W x x  LVWKHNHUQHOIXQFWLRQ  
:KHQWKHSUREOHPGRPDLQLVGLVFUHWL]HGLQWRSDUWLFOHVWKHSDUWLFOHDSSUR[LPDWLRQFDQEH
DSSOLHGWRGLVFUHWL]HWKHLQWHJUDOE\WKHZHLJKWLQJVXPPDWLRQRIQHLJKERULQJSDUWLFOHVLQWKH
VXSSRUWGRPDLQ>@)RUWKHGLYHUJHQFHRIDYHFWRUIXQFWLRQ ( ) f x WKHDSSUR[LPDWLRQDWWKH
SDUWLFOH i  FDQEHFDUULHGRXWE\WKHQHLJKERULQJSDUWLFOHV j  DV  
 
( ) ( ') ( ')d ' ( )i j i ij j
j
W WV: :
      ¦³f x f x x x x f x
  
:KHUH W  LV VHOHFWHG DV WKH UHQRUPDOL]HG *DXVVLDQ NHUQHO IXQFWLRQ > @ V  LV WKH
YROXPHRIWKHSDUWLFOHZKLFKFKDQJHVZLWKWKHGHQVLW\LQWKHVLPXODWLRQ7KXVLWLVHDV\WR
REWDLQWKDWWKHGLYHUJHQFHRIDFRQVWDQWYHFWRUIXQFWLRQLV]HUR7KHUHKROGV 
5 
 
 
 ( ) ( ) ( ) 0i i i i ij j i i ij j
j j
WV WV
: :
         ¦ ¦1f x f x f x
  
7KXVWKHHTXDWLRQLQDV\PPHWULFIRUPLVREWDLQHGE\VXEWUDFWLQJ(T  IURP(T 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 
)RUWKHJUDGLHQWRIDVFDODUIXQFWLRQ ( )f x LWFDQEHZULWWHQDV  
 
( ) ( ') ( ')d ' ( )i j i ij j
j
f f W f WV: :
     ¦³x x x x x x
  
&RQGXFWLQJ WKHVLPLODU WUDQVIRUPDWLRQDV(T  WKHJUDGLHQWRI WKHVFDODUIXQFWLRQFDQEH
GHULYHGDV(T  
 
( ) ( ) ( )i j i i ij j
j
f f f W V
:
ª º   ¬ ¼¦x x x   
,W VKRXOG EH XQGHUOLQHG WKDW GLIIHUHQW IRUPV IRU WKH JUDGLHQW RI WKH VFDODU IXQFWLRQ DQG WKH
GLYHUJHQFH RI WKH YHFWRU IXQFWLRQ DUH XVHG7KH IRUP RI (T  DOORZV DQ DQWLV\PPHWULF
SURSHUW\ZKLFKLVFUXFLDOIRUPDLQWDLQLQJWKHPRPHQWXPFRQVHUYDWLRQZKHQ ( )f x  UHSUHVHQWV
WKH SUHVVXUH ZKLOH WKH IRUP RI (T  FDQ GHFUHDVH WKH HUURUV LQWURGXFHG E\ WKH NHUQHO
WUXQFDWLRQVQHDUWKHIUHHVXUIDFHVHHPRUHDQDO\VHVLQ&RODJURVVLHWDO>@ 
7KURXJKWKHWUDQVIRUPDWLRQRI(T  DQG(T WKHFRQWLQXLW\DQGPRPHQWXPHTXDWLRQLQ
(T  FDQEHH[SUHVVHGDV 
 ( )i i i j i i j j
j
D W V
Dt
U U  ¦ v v   
 
1 ( )i i j i ij
j i
j v
D P P WV
Dt U   ¦g fv   
:KHUHWKHVXEVFULSWV i  DQG j  UHSUHVHQWDSDLURILQWHUDFWLQJSDUWLFOHV 2(0, 9.81)m/ s g 
DQG vf  LV WKH YLVFRXV IRUFH ,Q VROYLQJ WKH PXOWLSKDVH IORZ SUREOHP WKHUH H[LVW GHQVLW\
GLIIHUHQFHVDFURVVWKHLQWHUIDFHRIGLIIHUHQWSKDVHVZKLFKPD\OHDGWRDSSUR[LPDWLRQHUURUVRI
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WKHSDUWLFOHGHQVLW\VRWKDWSUHVVXUHRVFLOODWLRQVXVXDOO\RFFXUQHDUWKHLQWHUIDFH,Q(TV 
DQG  IRU WKHSDLULQJSDUWLFOHV i   DQG j  IURPGLIIHUHQWSKDVHVRQO\ WKHYROXPHRI WKH
SDUWLFOHIURPDQRWKHUSKDVHFRQWULEXWHVWRWKHDSSUR[LPDWLRQEXWQRWWKHGHQVLW\$OVREHFDXVH
WKHXQLIRUPYROXPHLVXVHGIRUGLIIHUHQWSKDVHVDWWKHLQLWLDOWLPHVRLWEHQHILWVWKHVPRRWK
DSSUR[LPDWLRQRIWKHILHOGVDWWKHLQWHUIDFHHJWKHSUHVVXUHDQGWKHYHORFLW\ILHOGV 
7RVROYHWKH(TV  DQG WKHUHODWLRQVKLSEHWZHHQSUHVVXUHDQGGHQVLW\LVQRUPDOO\
XVHG LQ63+PHWKRG)RU WKH IOXLGRIGLIIHUHQW SKDVHV WKH7DLW HTXDWLRQ >@ LPSURYHGE\
1XJHQWDQG3RVFK>@LVDGRSWHG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 
:KHUHWKHVXEVFULSW w UHSUHVHQWVWKHKHDYLHUSKDVHDQG a UHSUHVHQWVWKHOLJKWHUSKDVH)RU
ZDWHU 7wJ   WKHLQLWLDOGHQVLW\ LV 30 1000kg / mwU  ZKLOHIRUDLU 1.4aJ  >@DQGWKH
LQLWLDO GHQVLW\ LV 30 1.29kg / maU   7KH VDPH FRHIILFLHQW 2 20 0a a a w w wB c cU J U J   LV
SURSRVHGE\&RODJURVVLDQG/DQGULQL>@IRUHQVXULQJWKHLGHQWLFDOLQLWLDOSUHVVXUHIRUERWK
SKDVHVDWWKHLQWHUIDFH 0P  LVWKHEDFNJURXQGSUHVVXUH 
(T  JLYHVWKHH[SOLFLWUHODWLRQVKLSEHWZHHQWKHSUHVVXUHDQGWKHGHQVLW\ZKLFKOHDGV
WR DQ H[SOLFLW DOJRULWKP GHYHORSHG LQ WKH PXOWLSKDVH 63+ PRGHO 7KH SUHGLFWRUFRUUHFWRU
VFKHPH>@DQGDFRQVWDQWWLPHVWHSVDWLVI\LQJWKH&RXUDQW)ULHGULFKV/HZ\&)/FRQGLWLRQ
DUHXVHG$FFRUGLQJWRWKH&)/FRQGLWLRQWKHWLPHVWHSVZLOOEHWRRVPDOOZKHQWKHUHDOVRXQG
VSHHGRIZDWHULVXVHG'XHWRWKLVFRQVLGHUDWLRQDVXLWDEOHDUWLILFLDOVRXQGVSHHGLVDOZD\V
XVHG LQ ZHDNO\ FRPSUHVVLEOH 63+ WR DSSUR[LPDWH WKH IUHH VXUIDFH IORZ SUREOHPV 7KH
DVVXPSWLRQ RI ZHDNO\ FRPSUHVVLEOH IOXLG VDWLVILHV WKDW WKH YDULDWLRQ RI WKH GHQVLW\ ILHOG
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SURSRUWLRQDO WR WKH VTXDUHRI WKH0DFKQXPEHU VHH0RQDJKDQ >@ LV OHVV WKDQ LH
/U U' a 2 2max 0( / )v c Ma ,WVKRXOGEHQRWHGWKDWLWLVQRWWKHUHDOVLWXDWLRQ>@where the 
lighter phase has a larger sound speed than that of the heavier phase (i.e., !a wc c ). However, in 
order to prevent the pressure fluctuations, the artificial sound speed, which is 10 times of the 
maximum speed of the flow field, is adopted in the simulation. Therefore, the Mach number is 
smaller than 0.1. 
The background pressure can be used to prevent the tension instability caused by the 
negative pressure and meanwhile to keep the particle distribution uniform.+RZHYHUWKHYDOXH
VKRXOG EH FDUHIXOO\ FKRVHQ RWKHUZLVH WRR ODUJH EDFNJURXQG SUHVVXUH FDQ OHDG WR VRPH
XQUHDVRQDEOHUHVXOWVVXFKDVH[FHVVLYHSDUWLFOHUHVHWWOHPHQWKLJKIUHTXHQF\HUURUV>@
7KHEDFNJURXQGSUHVVXUHLVDGGHGRQO\LQWKHPRGHOZLWKPXOWLSKDVHIOXLGV7KHWHUPRI 2aFU 
SURYLGHVWKHFRKHVLRQ>@IRUWKHOLJKWHUIOXLGWRHQVXUHWKDWWKHLQWHUIDFHRIGLIIHUHQWSKDVHV
LVFOHDU  
,QRUGHU WRREWDLQ VWDEOH DQGDFFXUDWH UHVXOWV WKHQXPHULFDO YLVFRVLW\ WHUP
vf  RQ WKH
ULJKWKDQG VLGH RI (T  LV LQFOXGHG WR VWDELOL]H WKH VLPXODWLRQ ,Q WKH SUHVHQW QXPHULFDO
PRGHOWKHDUWLILFLDOYLVFRVLW\E\0RQDJKDQ>@LVDSSOLHG 
  2 2
( ) ( )
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v i ij j
j i j i j
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 
:KHUH D  LV WKH DUWLILFLDO YLVFRVLW\ FRHIILFLHQW h  LV WKH VPRRWKLQJ OHQJWK c  LV WKH
DUWLILFLDO VRXQG VSHHG :KHQ IOXLG SDUWLFOHV DSSURDFK HDFK RWKHU WKH SHUIRUPDQFH RI WKH
DUWLILFLDOYLVFRVLW\WHUPLVDUHSHOOLQJIRUFHDQGYLFHYHUVD7KHGLIIHUHQFHIURPWKH&RODJURVVL
DQG/DQGULQL >@PRGHO LV WKDW WKHFRQGLWLRQRI ( ) ( ) 0i j i j   v v r r  LVQRWDSSOLHG LQ WKH
FDOFXODWLRQRIWKHDUWLILFLDOYLVFRVLW\WHUP  
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,WLVQRWHGWKDWWKHDSSUR[LPDWLRQHUURUFDQEHFDXVHGGXHWRWKHWUXQFDWLRQRIWKHVXSSRUW
GRPDLQZKHQWKHIOXLGSDUWLFOHVDUHFORVHWR WKHERXQGDU\ ,QRUGHUWRUHGXFHLWDZHLJKWHG
DYHUDJHRU6KHSDUG
VLQWHUSRODWLRQ>@RIWKHGHQVLW\LVLQWURGXFHGWKHFRUUHFWHGGHQVLW\ 
 
x
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 
:KHUHWKHNHUQHOFRUUHFWLRQLV 
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 ¦   
7KHV\PEROV , xi j:  UHSUHVHQWWKDWWKHVXSSRUWGRPDLQIRUWKHFRQWLQXLW\FRUUHFWLRQRIIOXLG
SDUWLFOHVLQFOXGHVWKHVDPHSKDVHSDUWLFOHVRQO\7KLVFRUUHFWLRQLVSHUIRUPHGHYHU\VWHSV
7KHFRUUHFWHGGHQVLW\FDQDOVRUHGXFHWKHHQHUJ\GLVVLSDWLRQFDXVHGE\WKHDUWLILFLDOYLVFRVLW\
WHUP  
6LQFHWKHIORRGLQJSURFHVVRIDGDPDJHGFDELQLVDODUJHVFDOHSUREOHPWKH:HEHUQXPEHU
LVPXFKJUHDWHU WKDQ7KHUROHRIVXUIDFHWHQVLRQFDQEHLJQRUHGVRWKHVXUIDFHWHQVLRQ
PRGHOLVQRWLQFOXGHGLQWKHSUHVHQWPRGHO 
7KHSUHVHQWPXOWLSKDVH63+PRGHOLVFDUULHGRXWEDVHGRQWKHPRGHORI>@DQGVWDEOH
UHVXOWV FDQ EH REWDLQHG 7KH\ FDQ DWWULEXWH WR WKH IROORZLQJ WUHDWPHQWV WKH YROXPHEDVHG
JRYHUQLQJHTXDWLRQWKHGHQVLW\UHQRUPDOL]DWLRQ>@WKHVPRRWKLQWHUSRODWLRQDWWKHIOXLGVROLG
LQWHUIDFH>@WKHEDFNJURXQGSUHVVXUHWKHFRKHVLRQIRUFHIRUWKHOLJKWHUSKDVHDQGWKHDUWLILFLDO
VSHHGRIVRXQG  
 
%RXQGDU\SUHVVXUHDQGIORDWLQJERG\PRWLRQ 
7KHIORRGLQJSURFHVVRIDGDPDJHGFDELQLVDFRPSOH[G\QDPLFSUREOHPLQYROYLQJWKH
KXOOWKHLQIORZIOXLGWKHRXWHUIOXLGDQGRWKHUFRXSOHGIDFWRUV7KHVROXWLRQRIWKHERXQGDU\
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SDUWLFOHLVDNH\LVVXHLQ63+PHWKRG,QWKLVSDSHUWKHGXPP\SDUWLFOHPHWKRG>@LVDGRSWHG
7KUHHOD\HUVRISDUWLFOHVDUHODLGWRPRGHOWKHFDELQDQGWKHIL[HGERXQGDU\ZKLFKHQVXUHVWKDW
WKHSDUWLFOHVIURPWKHLQQHUDQGRXWHUIOXLGILHOGKDYHQRGLUHFWLQWHUDFWLRQ7KHSUHVVXUHRIWKH
ERXQGDU\SDUWLFOHLVREWDLQHGE\LQWHUSRODWLQJIURPWKHDGMDFHQWIOXLGSDUWLFOHVDQGWKHILQDO
ERXQGDU\SDUWLFOHSUHVVXUHFDQEHH[SUHVVHGE\(T  >@ 
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 
:KHUHWKHDFFHOHUDWLRQRIWKHIL[HGZDOOERXQGDU\SDUWLFOHLV 
 
(0,0)bD
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 
)RUERXQGDU\SDUWLFOHVRIWKHFDELQPRGHO  
 
b
bG bG
D D
Dt Dt
 u  u uv Ȧ r Ȧ Ȧ r
  
:KHUH Ȧ  LV WKH DQJXODU YHORFLW\ bGr  LV WKH SRVLWLRQ YHFWRU RI WKH ERXQGDU\ SDUWLFOH b 
SRLQWLQJWRWKHFHQWUHRIWKHPDVVG  
7KHGHQVLWLHVRI WKHVROLGZDOOERXQGDU\SDUWLFOHVDQGWKHFDELQERXQGDU\SDUWLFOHVDUH
REWDLQHGE\VROYLQJWKHVWDWHHTXDWLRQRI(T   
 
10
0
-( 1) wbb w
P P
B
JU U 
  
7KHWUDQVODWLRQDQGURWDWLRQRIWKHGDPDJHGFDELQFDQEHREWDLQHGE\ 
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:KHUH M  LVWKHPDVVRIWKHGDPDJHGFDELQ I  LVWKHPRPHQWRILQHUWLD V  LVWKHYHORFLW\
RIWKHFDELQEDU\FHQWUH  
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1XPHULFDOPRGHOYDOLGDWLRQ 
,QRUGHUWRYHULI\WKHDFFXUDF\DQGVWDELOLW\RIWKHSUHVHQWPXOWLSKDVH63+PRGHO WKH
IROORZLQJWZREHQFKPDUNVDUHVLPXODWHGLHWKHFODVVLFDOGDPEUHDNDQGWKHVLQNLQJSURFHVV
RIDQLQWDFWULJLGER[7KHUHVXOWVDUHFRPSDUHGZLWKWKHH[SHULPHQWDORUQXPHULFDOUHVXOWV  
 
7KHGDPEUHDN 
7KHLQLWLDOQXPHULFDOPRGHORIWKHPXOWLSKDVHGDPEUHDNLVVKRZQLQ)LJLQZKLFKWKH
VDPHGLPHQVLRQDQGDUUDQJHPHQWDUHDGRSWHGDVWKHH[SHULPHQWLQ=KRXHWDO>@7KHKHLJKW
RI WKH GDPEUHDN LV 0.6mwh   WKH OHQJWK RI WKH GDPEUHDN LV 2.0 wl h  WKH VROLG ZDOO
ERXQGDU\OHQJWKLV 5.36 wL h  DQGWKHKHLJKWLV 3.0 wH h ,QVWHDGRIVLPXODWLQJWKHUHPRYH
SURFHVV RI WKH JDWH FRQVLGHULQJ WKH SUHVVXUH IOXFWXDWLRQ FDXVHG E\ UHPRYLQJ WKH JDWH WKH
K\GURVWDWLFSUHVVXUHGHULYHGE\*UHFR>@DQG3RKOH>@LVJLYHQGLUHFWO\LQ(T  DQGWKH
SUHVVXUHGLVWULEXWLRQLVSORWWHGDV)LJ  
 
1000
(2 1)ʌ /(2 )0
0 2 2
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8 1 2 1( , ) ( ) [ cos( ʌ )](2 1) 2
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w w w
m w
gh mP x z g h z e z
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   ¦   
:KHUH 30 1000.0kg/mwU   WKH FRRUGLQDWH [2] LV LQGLFDWHG LQ )LJ 7KH SUHVVXUH SUREH LV
ORFDWHGDWWKHZDOODQG 0 0.267 wr h  DZD\IURPWKHERWWRP7KHUDGLXVRIWKHSUHVVXUHVHQVRU
LQWKHH[SHULPHQW>@LV 45mm 7KHGLVWULEXWLRQRIWKHSDUWLFOHVLQWKHFRPSXWDWLRQDOPRGHO
LVXQLIRUPZLWKDSDUWLFOHVSDFLQJ /120wdx dz h  7KHDUWLILFLDOVRXQGVSHHG LQZDWHU LV
0 10c gH  DFRQVWDQW WLPHVWHSRIHV LVXVHGDQG WKHDUWLILFLDOYLVFRVLW\ FRHIILFLHQW LV
0.03D   7KH SDUDPHWHUV LQ (T  DUH 0 500.0PaP   DQG 0.5F   UHVSHFWLYHO\ 7KH
GLPHQVLRQOHVVVFDOHIRUWKHWLPHLV 0.5~ ( / )wt t g h DQGIRUWKHYHORFLW\LV 0.5~ / ( )wv v gh   
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)LJ7KHQXPHULFDOPRGHORIGDPEUHDN 
 
7KHSUHVVXUHGLVWULEXWLRQIRUZDWHUDQGWKHYHORFLW\GLVWULEXWLRQIRUDLUDWVHYHUDOLQVWDQWV
DUHVKRZQLQ)LJ7KHZDWHULPSDFWVWKHULJKWZDOODQGFOLPEVDORQJWKHZDOOVKRUWO\DIWHUWKH
EUHDNDQGWKHSUHVVXUHDWWKHSUREHUHDFKHVWKHSHDNTXLFNO\LQ)LJE6RPHZDWHUSDUWLFOHV
DUHVHHQFDUU\LQJODUJHYHORFLWLHVDQGVSODVKLQJLQWRDLUILHOGDVVKRZQLQ)LJFDQGG,WLV
HYLGHQW LQ )LJ G WKDW ZKHQ WKH ZDWHU RYHUWXUQV WKH DLU HQWUDSPHQW LQ WKH FORVHG ZDWHU
FKDPEHURFFXUVZKLFKIXUWKHU LQGXFHVWKHRVFLOODWLRQRIWKHSUHVVXUHLQWKHZDWHUILHOG7KH
SUHVVXUHGLVWULEXWLRQRIWKHILHOGUHPDLQVFRQWLQXRXVLQWKHZKROHIORZSURFHVVDQGWKHLQWHUIDFH
RIWKHZDWHUDQGDLUFDQEHFOHDUO\REVHUYHGLQ)LJ'XHWRWKHKLJKSDUWLFOHVUHVROXWLRQUDWLR
WKHSUHVVXUHILHOGLVVPRRWKHGZLWKRXWDQ\SRVWSURFHVVLQJPHWKRG 
7KHFRPSDULVRQRIWKHSUHVVXUHRQWKHSUREHEHWZHHQQXPHULFDOUHVXOWVDQGH[SHULPHQWDO
GDWD*UHFR>@LVVKRZQLQ)LJ7KHUHVXOWVRIQXPHULFDOVLPXODWLRQVDUHLQJRRGDJUHHPHQW
ZLWKWKHH[SHULPHQWDOGDWD7KHSUHVVXUHRVFLOODWLRQLVVHHQRFFXUULQJDWWKHFORVLQJWLPHRIWKH
ZDWHU WRQJXH &RPSDUHG WR WKH QXPHULFDO UHVXOWV ZLWKRXW FRQVLGHULQJ DLU LQ WKH FDELQ WKH
SUHVVXUHRQ WKHSUREHREWDLQHGIURPWKHPXOWLSKDVHPRGHOFRQVLGHULQJDLUHIIHFW LVFOHDUO\
l
hw
H
L
Air
Water
/ wP ghU
r0
0.5/ ( )wv gh
1.00
0.75
0.50
0.25
0.00
1.00
0.75
0.50
0.25
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PRUH FRQVLVWHQW ZLWK WKH H[SHULPHQWDO PHDVXUHPHQWV7KH ORFDO DPSOLILFDWLRQ RI WKH ZDWHU
WRQJXHFRUUHVSRQGLQJWRWKHPRPHQWRIWKHSUHVVXUHSHDNLVDOVRFOHDUO\REVHUYHGLQ)LJ7KH
PXOWLSKDVH63+PHWKRGGHYHORSHGLQWKLVSDSHUSUHVHQWVVWDEOHDQGDFFXUDWHUHVXOWVIRUWKH
G\QDPLFSURFHVVRIWKHGDPEUHDNFDVH  
 
  
 
 
)LJ  7KH PXOWLSKDVH GDPEUHDN SURFHVV SUHVVXUH GLVWULEXWLRQ IRU ZDWHU DQG YHORFLW\
GLVWULEXWLRQIRUDLUD 1.74t  E 2.75t  F 5.87t  G 6.75t   
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)LJ 7KH GDPEUHDN VROXWLRQV IURP 63+ DQG WKH H[SHULPHQW /HIW &RPSDULVRQ EHWZHHQ
QXPHULFDODQGH[SHULPHQWDO>@UHVXOWV5LJKWWKHSDUWLFOHGLVWULEXWLRQFRUUHVSRQGLQJWRWKH
PRPHQWRIWKHSUHVVXUHSHDN  
 
,QRUGHUWRVWXG\WKHHQHUJ\FRQVHUYDWLRQRIWKHPXOWLSKDVHPRGHOWKHHYROXWLRQRIWKH
PHFKDQLFDOHQHUJ\RIWKHGDPEUHDNFDVHLVSUHVHQWHGLQ)LJ7KHWRWDOHQHUJ\YDULDWLRQLV
FDOFXODWHGE\WKHHTXDWLRQ  
 
0 0( ) /kt pt pt ptE E e E EH   '     
:KHUH ktE  DQG ptE  DUHWKHWRWDONLQHWLFDQGSRWHQWLDOHQHUJ\RIWKHIOXLGVUHVSHFWLYHO\WKH
VXSHUVFULSW

UHSUHVHQWVWKHLQLWLDOWLPHDQG e'  LVWKHFKDQJHRIWKHLQWHUQDOHQHUJ\>@,W
FDQEHREVHUYHGLQWKH)LJWKDWWKHLPSDFWVEHWZHHQWKHIOXLGDQGWKHZDOORUEHWZHHQWKH
IOXLGDQGWKHIOXLGFDXVHWKHHQHUJ\ORVV,QWKHPXOWLSKDVHPRGHOWKHHQHUJ\ORVVZLWKDLUIORZ
LVIDVWHUWKDQWKHPRGHOZLWKRXWDLU7KHXVHRI6KHSDUGLQWHUSRODWLRQZLWKWKHLQWHUYDO 20n  
SURGXFHVDEHWWHUFRQVHUYDWLRQRIWKHWRWDOHQHUJ\  
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)LJ7KHWRWDOHQHUJ\HYROXWLRQRIWKHGDPEUHDNVROXWLRQV  
 
7KHVLQNLQJSURFHVVRIDQLQWDFWER[ 
7RIXUWKHUYDOLGDWHWKHSUHVHQWPXOWLSKDVH63+PRGHOWKHVLQNLQJSURFHVVRIDQLQWDFW
UHFWDQJXODUER[ZLWKDQDV\PPHWULFPDVVLQWKHYLVFRXVIOXLGLVVLPXODWHG7KHFRQILJXUDWLRQ
RIWKHVLQNLQJREMHFWLVWKHVDPHDVWKDWLQ%DUFDUROR>@$VVKRZQLQ)LJWKHOHQJWKRIWKH
UHFWDQJXODU ER[ LV 1.0ml    WKH KHLJKW LV 0.5l   DQG WKH FHQWUH RI JUDYLW\ LV
(0.75m,0.0m)G  7KHHIIHFWRIWKHOLJKWHUIOXLGRQWKHVLQNLQJSURFHVVLVVWXGLHG7KHGHQVLW\
UDWLR EHWZHHQ WKH KHDYLHU DQG WKH OLJKWHU IOXLG LV / 1000H LU U   7KH DFFHOHUDWLRQ RI WKH
JUDYLW\LV 2(0, 1.0)m/ s g 7KHZHLJKWRIWKHER[LV 1.0kgm  DQGWKHLQHUWLDPRPHQWLV
20.083kg mI   7KHNLQHPDWLFYLVFRXVFRHIILFLHQWRIWKHKHDYLHUIOXLGLV 20.002m / sX  DV
XVHGLQ%DUFDUROR>@7KHUHODWLRQVKLSEHWZHHQWKHDUWLILFDOYLVFRVLW\SDUDPHWHU D  LQ(T
 DQGWKHNLQHPDWLFYLVFRVLW\ X  JLYHQE\0RQDJKDQ>@LV 
 
1
08 ( )hcD X    
7KH FRPSXWDWLRQDO GRPDLQ KDV D ZLGWK RI 4l  DQG D KHLJKW RI 5l 7KH KHLJKW RI WKH
KHDYLHUSKDVH LV 3l 7KHDUWLILFLDO VRXQGVSHHGRI WKHKHDYLHUSKDVH LV 0 10 3c gl  DQGD
0 2 4 6
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D=0.03 n=20 Without air
D=0.03 n=20 With air
D=0.03 n=0  With air
Fluid-wall impact
Fluid-Fluid impact
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FRQVWDQWWLPHVWHSRI 5e 6sdt    LVXVHG7KHSDUDPHWHUVLQ(T  DUH 0 1.0PaP   DQG
0.2F  7KHGLPHQVLRQOHVVWLPHLVVFDOHGE\ 0.5~ ( / 3 )t t g l 8QLIRUPSDUWLFOHGLVWULEXWLRQLV
DVVXPHG LQ WKH ZKROH VLPXODWLRQ ILHOG ZLWK WKUHH SDUWLFOH VSDFLQJV / 25dx dz l   
/ 50dx dz l   DQG /100dx dz l    
 
)LJ7KHVLQNLQJPRGHORIDQLQWDFWER[ 
 
7KHYHUWLFDOGLVSODFHPHQWDQGWKHURWDWLRQDQJOHRIWKHUHFWDQJXODUER[GXULQJWKHVLQNLQJ
SURFHVVDUHVKRZQLQ)LJUHVSHFWLYHO\7KHPXOWLSKDVH63+UHVXOWVDUHFRPSDUHGZLWKWKRVH
IURPWKHILQLWHYROXPHSDUWLFOHPHWKRG)930DQGWKH5LHPDQQ63+PHWKRGZLWKSDUWLFOH
UHVROXWLRQ /100dx l >@'XH WR WKHDV\PPHWULFPDVVGLVWULEXWLRQ WKHVLQNLQJSURFHVV LV
DFFRPSDQLHGE\URWDWLRQDOPRWLRQVXQGHUWKHPRPHQWRIJUDYLW\DQGEXR\DQF\ ,WLVHYLGHQW
WKDW WKH WUHQGVRI WKHSUHVHQW63+UHVXOWVDUH LQJRRGDJUHHPHQWVZLWK WKRVHRI)930DQG
5LHPDQQ63+UHVXOWVZKLFKGHPRQVWUDWHVWKDWWKHPXOWLSKDVH63+PRGHOLVUREXVWLQVROYLQJ
VXFKIOXLGVROLGLQWHUDFWLRQSUREOHPV,QDGGLWLRQJRRGFRQYHUJHQFHRIWKH63+PRGHOLVDOVR
VKRZQLQWKHILJXUH   
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D  E  
)LJ0RWLRQVRIWKHLQWDFWER[FRPSDUHGZLWKWKHVLPXODWLRQUHVXOWVLQ%DUFDUROR>@  
D9HUWLFDOGLVSODFHPHQWRIWKHEDU\FHQWUHE+HHOLQJDQJOHVRIWKHLQWDFWER[  
 
7R UHYHDO WKH IOXLG SK\VLFV E\ WKH SUHVHQW PXOWLSKDVH 63+ PRGHO WKH FRPSDULVLRQ
EHWZHHQWKHUHVXOWVRISDUWLFOHUHVROXWLRQ /100dx dz l   ZLWKDQGZLWKRXWWKHOLJKWHUSKDVH
DWWKHVDPHWLPHLQVWDQWDQHRXVHVLVVKRZQLQ)LJ7KHILUVWFDYLW\LVIRUPHGZKHQWKHIUHH
VXUIDFHIOLSVDQGLQYROYHVWKHOLJKWHUSKDVHIOXLGDWWKHULJKWKDQGVLGHRIWKHER[DVVKRZQLQ
)LJD:LWKWKHVLQNLQJFRQWLQXLQJWKHER[DSSURDFKHVWRIXOO\VXEPHUJLQJLQWKHKHDYLHU
IOXLGVHHLQ)LJEWKHVHFRQGFDYLW\LVIRUPHGDVWKHZDWHUFORVLQJDWWKHWRSRIWKHER[
7KHILUVWFDYLW\LVVHHQPRYLQJZLWKWKHER[LQWKHPXOWLSKDVHIORZPRGHO7KHHYROXWLRQRI
WKHIUHHVXUIDFH LVFDSWXUHG LQGHWDLOE\ WKHSUHVHQWPXOWLSKDVH63+PRGHO:KHQ WKH IUHH
VXUIDFHLVFRPSOHWHO\FORVHGWZRMHWVDUHIRUPHGXSDQGGRZQLQWKHPXOWLSKDVHIORZUHVXOWV
DVVKRZQLQ)LJF7KHWZRFDYLWLHVDUHJUDGXDOO\LQWHJUDWHGZKHQWKHER[FRQWLQXHVWRVLQN
,Q)LJGGXHWRWKHFORVXUHDQGFROOLVLRQRIWKHIUHHVXUIDFHWKHZDWHUPRXQGLVIRUPHG
)RUWKHPRGHOZLWKRXWWKHOLJKWHUIOXLGWKHVXUURXQGLQJRIWKHER[LVILOOHGZLWKWKHKHDYLHU
OLTXLG+RZHYHUIRUWKHPXOWLSKDVHPRGHOWKHER[LVSDUWLDOO\VXUURXQGHGE\WKHOLJKWHUIOXLG
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LQWKHVLQNLQJSURFHVVDQGDORQJWUDLOLVIRUPHGEHKLQGWKHER[ 
 
 
 
  
 
  
 
D E F G 
)LJ7KHFRPSDULVRQRIWKHVLQNLQJSURFHVV8SZLWKRXWWKHOLJKWHUSKDVH'RZQZLWKWKH
OLJKWHUSKDVHD 1.03t  E 1.44t  F 1.55t  G 2.21t   
 
7KHPRWLRQWUDMHFWRULHVRIWKHVLQNLQJSURFHVVSUHGLFWHGE\WKHWZRPRGHOVDUHVKRZQLQ
)LJ7KHHIIHFWRIWKHOLJKWHUIOXLGRQWKHER[PRWLRQLVQRWREYLRXVEHIRUHWKHWKHIRUPDWLRQ
RIWKHFDYLW\:KHQWKHIUHHVXUIDFHLVFORVHGWKHOLJKWHUIOXLGVWDUWWRLQWHUDFWZLWKERWKWKH
KHDYLHU SKDVH IOXLG DQG WKH ERXQGDU\ RI WKH ER[ ZKLFK ZLOO DIIHFW WKH UHVXOWDQW IRUFH7KH
GLIIHUHQFH VKRZV WKH OLJKWHU IOXLGKDVREYLRXVHIIHFWVRQ WKHKRUL]RQWDOGLVSODFHPHQW LQ WKH
VLQNLQJSURFHVVDVVKRZQLQ)LJ7KHVLQNLQJDQGURWDWLRQYHORFLWLHVRIWKHUHFWDQJXODUER[
18 
 
REWDLQHGE\WKHPXOWLSKDVHPRGHODUHVPDOOHUWKDQWKRVHIURPWKHVLQJOHSKDVHPRGHODIWHUWKH
OLJKWHUIOXLGLQYROYHGLQWRWKHIUHHVXUIDFHIRUPDWLRQRIWKHKHDYLHUIOXLG 
 
 
)LJ7KHWUDMHFWRU\RIWKHVLQNLQJER[ 
 
3. Results and discussions  
'HVFULSWLRQRIFDVHPDWUL[ 
0RVWFDELQVLQVHDJRLQJYHVVHOVRURIIVKRUHVHUYLFHYHVVHOVDUHQRWZDWHUWLJKWDQGWKH\
QRUPDOO\KDYHRSHQLQJVRQWKHEXONKHDGGHFNRSHQLQJPDQKROHDQGDLUSLSH6LQFHWKHDLU
FDQHVFDSHIURPWKHRSHQLQJVWKHUHIRUHLWLVQHFHVVDU\WKDWWKHDLULVSURSHUO\FRQVLGHUHGLQ
VLPXODWLQJ WKH IORRGLQJ SURFHVV 7ZR W\SHV RI RSHQLQJV DUH FRQVLGHUHG LQ WKLV VWXG\ WKH
RSHQLQJDWWKHZDWHUOLQHDQGWKDWRQWKHXSSHUEXONKHDG  
7KHFDELQPRGHOKDVDFURVVVHFWLRQRI8VKDSHZLWKDEUHDGWKRI 16.0mB  DGHSWKRI
8.5mD  DGUDXJKWRI 4.2md  7KHSRVLWLRQRIWKHFHQWUHRIJUDYLW\LV (35.0,0.2)G  DV
VKRZQLQ)LJ7KHKHLJKWRIWKHRSHQLQJRQWKHEURDGVLGHLV 4.0mb   DQGWKHFHQWUHRIWKH
RSHQLQJ LV ORFDWHG DW WKH IUHH VXUIDFH7KH GHSWK RI WKH ZDWHU LQ WKH VLPXODWLRQ GRPDLQ LV
20.0mwh   7KH XQLIRUP SDUWLFOH GLVWULEXWLRQ LV DGRSWHG KHUH DQG WKH SDUWLFOH VSDFLQJ LV
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/ 200wdx dz h  7KHEDFNJURXQGSUHVVXUHLV 0 1000.0PaP   DQGWKHFRKHVLRQSDUDPHWHULV
0.5F  $FRQVWDQWWLPHVWHSRIîVLVXVHGLQWKHFDVHFRQVLGHULQJDLU7KHSDUDOOHOFRGH
ZLWK 2SHQ03 ODQJXDJH WDNHV DERXW  PLQXWHV IRU  WKRXVDQG VWHSV ZKHQ UXQQLQJ RQ D
FRPSXWHUHTXLSSHGZLWK,QWHOLFRUHV*+])RUGLIIHUHQWFDVHVWKHWRWDOQXPEHUV
RISDUWLFOHVDUHGLIIHUHQWZLWKDSSUR[LPDWHO\WKRXVDQGRISDUWLFOHVIRUWKHPXOWLSKDVHIORZ
PRGHO ,QRUGHU WR VWXG\ WKH HIIHFWRI WKHDLU IORZRQ WKH IORRGLQJSURFHVV VHYHQFDVHVDUH
LQFOXGHG LQ WKH SUHVHQW QXPHULFDO VLPXODWLRQ  WKH GDPDJHG FDELQ ZLWKRXW DLU  WKH
GDPDJHGFDELQZLWKRXWGHFNRSHQLQJWKHGDPDJHGFDELQZLWKDQRSHQLQJDWWKHFHQWUHRI
WKHXSSHUGHFNDQG WKHZLGWKRI WKHRSHQLQJ 1 2bG    WKHZLGWKRI WKHRSHQLQJDW WKH
FHQWUHRIWKHXSSHUGHFNLV 1 4bG  WKHZLGWKRIWKHRSHQLQJDWWKHFHQWUHRIWKHXSSHU
GHFNLV 1 8bG  WKHZLGWKRIWKHRSHQLQJDWWKHFHQWUHRIWKHXSSHUGHFNLV 1 10bG  
 WKUHHRSHQLQJV 3 1 4bG   RQ WKHXSSHUGHFNDQG WKHGLVWDQFHEHWZHHQ WKHRSHQLQJV LV
DERXW / 3B 7KHDLULVFRQVLGHUHGLQWKHODWWHUVL[FDVHVH[FHSWFDVHVHH7DEOH 
 
 
)LJ7KHQXPHULFDOPRGHO 
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7DEOH6LPXODWLRQFDVHV 
1R 2SHQLQJRQGHFN $LUIORZ 
&DVH 1RQH 1R 
&DVH 1RQH <HV 
&DVH 1 2bG   <HV 
&DVH 1 4bG   <HV 
&DVH 1 8bG   <HV 
&DVH 1 10bG   <HV 
&DVH 3 1/ 4bG   <HV 
 
7KHDLUFDSWXUHLQWKHIORRGLQJSURFHVV 
:KHQWKHDLU LVXQDEOH WRHVFDSH WLPHO\ LQ WKHIORRGLQJSURFHVVDQDLUFXVKLRQZLOOEH
IRUPHGLQWKHFDELQ7KHDLULQWKHFDELQZLOOWKHUHIRUHLQWHUDFWZLWKWKHLQIORZZDWHUDQGWKH
KXOOWKXVWKHIORRGLQJSURFHVVPD\EHDOWHUHG  
 
 
 
Air cavity
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)LJ  &RPSDULVRQ RI WKH GDPDJHG FDELQ PRWLRQ ZLWKRXW DLU OHIW DQG ZLWK DLU ULJKW D
4.0st  E 5.0st  F 6.0st  G 10.0st   
 
7KHIORRGLQJSURFHVVHVRIWKHZDWHUWLJKWGDPDJHGFDELQZLWKDLUIORZDQGZLWKRXWDLU
IORZHIIHFWDUHLOOXVWUDWHGLQ)LJZKHUHWKHIORZILHOGLVFRORUHGE\WKHYHORFLW\7KHH[WHUQDO
ZDWHUEHJLQVWRIORZLQWRWKHFDELQRQFHWKHFDELQLVUHOHDVHGZLWKVRPHDLUEHLQJHQWUDSSHG
IRUPLQJ DQ DLU FDYLW\ QHDU WKH RSHQLQJ$V VKRZQ LQ )LJ D WKH IORRGLQJ ZDWHU PRYHV
TXLFNO\DQGWXUQVRYHUDWWKHZDOORSSRVLWHEURDGVLGHRIWKHRSHQLQJWKHDLULVVHHQHVFDSLQJ
IURP WKH RSHQLQJ LQLWLDOO\ EXW VRRQ WKH GDPDJHG FDELQ LV KHHOHG WRZDUGV WKH RSHQLQJ VLGH
Air escape
Air escape
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)LJE:LWKWKHFRQWLQXRXVIORRGLQJDFFRPSDQ\LQJWRWKHKHHOLQJDOWHUQDWHVLGHRIWKH
FDELQ WKH DLU FRQWLQXRXVO\ HVFDSHV IURP WKH RSHQLQJ ZKLOH VXEVWDQWLDO DLU FDYLW\ LV VHHQ
HQWUDSSHGLQWKHZDWHULQVLGHFDELQ)LJF)LQDOO\DVWKHFDELQIXUWKHUVXEPHUJHVZLWK
WKHRSHQLQJXQGHUWKHZDWHUVXUIDFHWKHHQWUDSSHGZDWHUFDYLW\LVVHHQVSUHDGLQJLQWRVPDOOHU
FDYLWLHVLQVLGHFDELQZKLOHWKHH[KDXVWLVWHUPLQDWHG)LJG,QFRQWUDVWWRWKHFDVHZLWKRXW
FRQVLGHULQJDLUDFOHDUSKDVHGHOD\LQVXEPHUVLRQRIWKHGDPDJHGFDELQGXHWRWKHG\QDPLF
H[FKDQJHRIDLUDQGZDWHUEHWZHHQDLUDQGLQIORZZDWHUDWWKHRSHQLQJDVZHOODVEHWZHHQWKH
DLUFDYLWLHVDQGIORRGLQJZDWHULQVLGHFDELQLVFOHDUO\REVHUYHGGXULQJWKHIORRGLQJSURFHVVIRU
WKHGDPDJHGFDELQPRWLRQZLWKDLUFRQVLGHUHG  
 
)LJ&RPSDULVRQRIWKHKHHOLQJDQJOHZLWKDLUDQGZLWKRXWDLU 
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)LJ7KHHIIHFWRIDLURQWKHGLVSODFHPHQWRIWKHEDU\FHQWUH 
 
 
)LJ7KHHIIHFWRIDLURQWKHDPRXQWRIIORRGLQJZDWHU 
 
7KHKHHOLQJDQJOHWKHGLVSODFHPHQWRIWKHEDU\FHQWUHDQGWKHDPRXQWRIIORRGLQJZDWHU
ZKHQFRQVLGHULQJDLUDQGZLWKRXWDLUDUHSUHVHQWHGLQ)LJ)LJDQG)LJUHVSHFWLYHO\
$VFDQEHVHHQLQ)LJDQG)LJWKHHIIHFWRIDLULVQRWREYLRXVEHIRUHWKHGDPDJHGFDELQ
UHDFKHV WKH LQLWLDOO\ PD[LPXP KHHOLQJ DQJOH WR WKH RSHQLQJ EURDGVLGH HVSHFLDOO\ IRU WKH
GLVSODFHPHQWVRIWKHEDU\FHQWUHLWLVDOPRVWLGHQWLFDOWRWKHFDVHZLWKRXWDLU+RZHYHUEH\RQG
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WKDWWKHDLUHIIHFWLVDOVRVHHQLWUHGXFHVWKHKHHOLQJDQJOHVLJQLILFDQWO\6LQFHWKHDLUFDQRQO\
HVFDSHIURPWKHRSHQLQJRIWKHFDELQWKHLQIOXHQFHRQWKHDPRXQWRIIORRGLQJZDWHULVREYLRXV
HYHQDWHDUO\VWDJHRIWKHSURFHVVDVVKRZQLQ)LJ'XHWRWKHDLUHVFDSLQJIURPWKHRSHQLQJ
RIWKHGDPDJHGFDELQWKHDPRXQWRILQIORZZDWHULVDSSUR[LPDWHO\KDOIRIWKDWIRUWKHFDVH
ZLWKRXWFRQVLGHULQJDLUDWWKHVDPHWLPHLQVWDQWDQHRXV7KHVLJQLILFDQWFKDQJHRIIORRGLQJUDWH
RFFXUVDWWZRWLPHLQVWDQWV 1t  DQG 2t  LQ)LJWKHILUVWRQHRFFXUVZKHQWKHFDELQUHDFKHV
WKHLQLWLDOO\PD[LPXPKHHOLQJDQJOHZKLOHWKHWRSRIWKHRSHQLQJVXEPHUJHVEHORZWKHZDWHU
VXUIDFH WKH RWKHU RQH LV ZKHQ WKH GDPDJHG FDELQ KHHOV WR WKH RSSRVLWH VLGH WKH GDPDJHG
RSHQLQJEHJLQQLQJWRULVH'XHWRWKHG\QDPLFH[FKDQJHSURFHVVRIWKHDLUDQGZDWHUDWWKH
RSHQLQJWKHDPRXQWRIIORRGLQJZDWHULVVLJQLILFDQWO\GHFUHDVHG  
 
 
 
)LJ)RUPDWLRQRIWKHDLUSRFNHWLQWKHVLQNLQJSURFHVVD 13.20st  E 14.40st   
 
7KH IRUPDWLRQRI WKH DLUSRFNHW GXULQJ WKH VLQNLQJSURFHVVRI WKHGDPDJHG FDELQ LV
VKRZQLQ)LJ'XHWRFRQWLQXRXVIORRGLQJ WKHGDPDJHGFDELQLVVHHQVXEPHUJHGIXUWKHU
ZLWKWKHRSHQLQJEHLQJIXOO\EORFNHGE\ZDWHUWKHUHPDLQLQJDLULQWKHGDPDJHGFDELQLVXQDEOH
WRHVFDSHDQGWUDSSHGWRIRUPWKHDLUSRFNHW6XFKDLUSRFNHWSOD\VDQLPSRUWDQWUROHLQWKH
PDULWLPHUHVFXHDQGLPSDFWLQJWKHVWDELOLW\RIDGDPDJHGVKLS  
 
air
water
(a)
air
water
(b)
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7KHDLUIORZIRUGLIIHUHQWRSHQLQJVL]HV 
)RURSHUDWLRQSXUSRVHGHFNDQGRUEXONKHDGVDUHRIWHQILWWHGZLWKRSHQLQJV7KHDLUFDQ
HVFDSHIURPWKHPZKHQWKH\DUHRSHQDQGWKHIORZILHOGFKDUDFWHULVWLFVLQWKHGDPDJHGFDELQ
LVDIIHFWHGGXULQJIORRGLQJSURFHVV7KHYHORFLW\GLVWULEXWLRQRIWKHIORZILHOGIRUERWKDLUDQG
ZDWHUIRUWKHIRXUFDVHVFDVHFDVHDWWZRWLPHLQVWDQWVDUHVKRZQLQ)LJ7KHILJXUHVDW
WKHVDPHWLPHDUHFRORUHGZLWKDVDPHOHJHQG8QGHUWKHPRPHQWIRUPHGE\WKHIORRGLQJZDWHU
WKHFDELQKHHOVWRWKHRSHQLQJEURDGVLGHZLWKWKHWRSRIWKHRSHQLQJEHORZWKHZDWHUOLQHDV
VKRZQLQ)LJDW 5.1st  7KHEURDGVLGHRSHQLQJLVIXOO\FORVHGE\WKHIORRGLQJZDWHUDW
WKHVHFDVHVEXWWKHDLUFDQHVFDSHIURPWKHGHFNRSHQLQJ7KHDLUYHORFLW\DWWKHFHQWUHRIWKH
GHFNRSHQLQJUHDFKHVWKHPD[LPXPDQGWKHDLUILHOGFDUULHVDODUJHNLQHPDWLFHQHUJ\DWWKLV
PRPHQW7KHUHLVDORZDLUYHORFLW\DUHDQHDUWKHIUHHVXUIDFHRIWKHLQIORZZDWHUZKLFKLV
FDXVHGE\WKHIRUPDWLRQRIWKHDLUYRUWH[7KHDLUQHDUWKHIUHHVXUIDFHZLOOIROORZWKHIORRGLQJ
ZDWHUPRWLRQDQGWKHH[WUDDLULVSXVKHGE\WKHIORRGLQJZDWHUWRPRYHWRWKHRSHQLQJVWKXV
WKHDLUYRUWH[LVIRUPHG6XFKDLUYRUWH[IRUPHGLQWKHGDPDJHGFDELQLQFUHDVHVWKHHQHUJ\ORVV
RIWKHIORZILOHG7KHODUJHUWKHGHFNRSHQLQJWKHIDVWHUWKHGLIIXVLRQRIWKHDLUYRUWH[$OVR
WKHDLUUHVLVWDQFHFDXVHGE\WKHDLUYRUWH[GHFUHDVHV:LWKWKHLQFUHDVHRIWKHGHFNRSHQLQJVL]H
WKHDLUHVFDSLQJYHORFLW\GHFUHDVHVZKLOHWKHPD[LPXPIORZYHORFLW\RIWKHIORRGLQJZDWHULQ
WKHFDELQLQFUHDVHV$VWKHIORRGLQJSURFHVVFRQWLQXHVWKHIORRGLQJZDWHUIURPWKHEURDGVLGH
SXVKHVWKHLQIORZZDWHUWRWKHRSSRVLWHVLGHZKLFKFDXVHVWKHFDELQWRUHYHUVHO\KHHODVVKRZQ
LQ)LJDW 7.2st  $WWKLVPRPHQW WKHDLU LVVHHQWRHVFDSHIURPERWK WKHEURDGVLGH
RSHQLQJDQGWKHVPDOOHUGHFNRSHQLQJ:LWKWKHLQFUHDVHRIWKHGHFNRSHQLQJVL]HWKHYHORFLW\
RIWKHIORRGLQJZDWHULQFUHDVHVDQGWKHNLQHPDWLFHQHUJ\RIWKHLQIORZZDWHUDOVRLQFUHDVHV
7KHUHIRUHWKHKHLJKWRIWKHLQIORZZDWHUFOLPELQJDORQJWKHZDOODQGWKHDFFXPXODWLRQRIWKH
ZDWHU DW WKH RSSRVLWH EURDGVLGH RI WKH RSHQLQJ LQFUHDVHV 7KH HQHUJ\ RI WKH LQIORZ ZDWHU
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UHGXFHVDVDGLUHFWFRQVHTXHQFHRIWKHHQHUJ\H[FKDQJHEHWZHHQWKHDLUDQGZDWHU  
 
  
 
 
  
 
 
 5.1t s   7.2st   
max 6.86m/sv  
1
max 6.15m/sv  
2
max 7.14m/sv  
1
max 6.69m/sv  
2
max 7.24m/sv  
1
max 6.75m/sv  
2
max 7.37m/sv  
1
max 6.96m/sv  
2
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)LJ  7KH YHORFLW\ RI WKH IORZ ILHOG GXULQJ WKH IORRGLQJ SURFHVV RI WKH FDELQ ZLWK GHFN
RSHQLQJD 1/10bG   E 1/ 8bG   F 1/ 4bG   G 1/ 2bG  7KHFLUFOHPDUNVWKH
]RQH ZLWK D ORZ DLU YHORFLW\ DQG WKH FLUFOH  PDUNV WKH ZDWHU KHLJKW DFFXPXODWHG LQ WKH
EURDGVLGH 
 
7KHYHORFLW\RIWKHIORZILHOGDWWKHFHQWUHRIWKHGHFNRSHQLQJLVVKRZQLQ)LJWKH
SRVLWLYHYDOXHUHSUHVHQWVWKHRXWIORZDQGLQYHUVHO\WKHQHJDWLYHYDOXHUHSUHVHQWVWKHLQIORZ
:LWKWKHLQFUHDVHRIWKHGHFNRSHQLQJVL]HWKHYHORFLW\RIWKHIORZILHOGDWWKHFHQWUHGHFUHDVHV
:KHQWKHGHFNRSHQLQJLVJUHDWHUWKDQ 1/ 8bG ! WKHSHDNYHORFLW\LVLQLQYHUVHSURSRUWLRQWR
WKHRSHLQJVL]H  
 
 
)LJ7KHIORZYHORFLW\DWWKHFHQWUHRIWKHGHFNRSHQLQJZLWKGLIIHUHQWVL]HV 
 
+HHOLQJDQJOHVIRUGLIIHUHQWGHFNRSHQLQJVL]HVDUHVKRZQLQ)LJ:LWKWKHGHFUHDVLQJ
RI WKHGHFNRSHQLQJVL]H WKHSRVLWLYHPD[LPXPKHHOLQJDQJOH LQFUHDVHVZKLOH WKHQHJDWLYH
PD[LPXPKHHOLQJDQJOHGHFUHDVHV7KHDPRXQWRIIORRGLQJZDWHULVDOPRVWFRQVLVWHQWIRUWKH
28 
 
IRXUFDVHVZLWKGLIIHUHQWGHFNRSHQLQJVL]HVVHH)LJ)RUWKHGDPDJHGFDELQZLWKGHFN
RSHQLQJ RI GLIIHUHQW VL]HV WKH LQIOXHQFH RI DLU IORZ EHIRUH WKH FDELQ UHDFKLQJ WKH SRVLWLYH
PD[LPXPKHHOLQJDQJOHLVQRWREYLRXVVRWKHPRPHQWFDXVHGE\WKHDFFXPXODWHGZDWHULVWKH
PDLQIDFWRUIRUWKHKHHOLQJPRWLRQDWWKLVVWDJH  
 
)LJ7KHHIIHFWRIWKHGHFNRSHQLQJVL]HVRQWKHKHHOLQJDQJOH 
 
 
)LJ7KHHIIHFWRIGHFNRSHQLQJVL]HVRQWKHDPRXQWRIIORRGLQJZDWHU 
 
)LJ VKRZV WKH YHORFLW\ RI WKH EDU\FHQWUH LQ WKH IORRGLQJ SURFHVV RI WKH FDELQ ZLWK
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GLIIHUHQWGHFNRSHQLQJVL]HV7KHUHDUHWZRLQIOHFWLRQSRLQWVFOHDUO\YLVLEOHLQWKHFXUYHVRIWKH
KRUL]RQWDOYHORFLW\LQ)LJDDQGWKHYHUWLFDOYHORFLW\LQ)LJE7KHILUVWLQIOHFWLRQSRLQW
DSSHDUVDWWKHPRPHQWRIWKHFDELQUHDFKLQJWKHPD[LPXPKHHOLQJDQJOHWRWKHRSHQLQJVLGH
DQGWKHVHFRQGRQHLVFDXVHGE\WKHJUHHQZDWHURQWKHGHFNRIWKHRSSRVLWHVLGH$IIHFWHGE\
WKH DPRXQW RI WKH IORRGLQJ ZDWHU DQG WKH DLU FXVKLRQ LQ WKH FDELQ WKH KRUL]RQWDO GULIWLQJ
YHORFLW\DQGWKHVLQNLQJYHORFLW\DUHERWKUHGXFHGZLWKWKHGHFUHDVLQJRIWKHGHFNRSHQLQJVL]H
,WFDQEHFOHDUO\REVHUYHG WKDW WKH LQFUHDVHRI WKHGHFNRSHQLQJVL]HKDV OHVVHIIHFWVRQ WKH
IORRGLQJSURFHVVRIWKHFDELQZKHQWKHGHFNRSHQLQJLVJUHDWHUWKDQ 1/ 4bG !  
 
D  E  
)LJ7KHHIIHFWRIWKHGHFNRSHQLQJVL]HVRQWKHYHORFLW\RIWKHEDU\FHQWUHD7KHKRUL]RQWDO
YHORFLW\RIWKHEDU\FHQWUHE7KHYHUWLFDOYHORFLW\RIWKHEDU\FHQWUH 
 
7KHDLUIORZIRUGLIIHUHQWRSHQLQJQXPEHUV 
7DNLQJ WKH GHFN RSHQLQJ VL]H 1/ 4bG   IRU H[DPSOH WKH QXPEHUV RI RSHQLQJV DUH
LQFUHDVHGWRWKUHHZLWK 3 1/ 4bG   IRUHDFKRSHQLQJ7KHRSHQLQJVDUHHTXDOO\GLVWULEXWHGRQ
WKHXSSHUGHFN  
 
0 2 4 6 8 10-0.5
0
0.5
1
1.5
2
t / s
v x
/m
s-1
 
 
G=1/2b
G=1/4b
G=1/8b
G=1/10b
IP1
0 2 4 6 8 10-2
-1.5
-1
-0.5
0
0.5
t / s
v z
/m
s-1
 
 
G=1/2b
G=1/4b
G=1/8b
G=1/10b
IP1
IP2
30 
 
 
 
 
 
 3.0st                                                                                      6.0st   
)LJ  7KH YHORFLW\ RI WKH DLU ILHOG IRU WKH GDPDJHG PRGHO ZLWK GLIIHUHQW GHFN RSHQLQJ
QXPEHUVDGHFNRSHQLQJ 1/ 4bG  EGHFNRSHQLQJ 3 1/ 4bG   
 
7KHYHORFLW\GLVWULEXWLRQRIWKHDLUILHOGIRU WKHGDPDJHGPRGHOZLWKGLIIHUHQWRSHQLQJ
QXPEHUVDWWZRWLPHLQVWDQWVDUHVKRZQLQ)LJ)RUWKHFDVHRI 3 1/ 4bG  WKHYHORFLW\RI
WKHDLUIORZLQJRXWIURPWKHGDPDJHGRSHQLQJLVODUJHUWKDQWKHFDVHRIRQHRSHQLQJRQWKH
GHFNDVVKRZQLQ)LJDW 3.0st  ,Q)LJDW 6.0st  IRUWKHFDVHRI 3 1/ 4bG  
WKHUHLVDORZYHORFLW\]RQHRFFXUULQJDWWKHRSSRVLWHRIWKHEURDGVLGHRSHQLQJ7KHRXWIORZ
YHORFLW\RIWKHDLUDWWKHGHFNRSHQLQJQHDUWKHGDPDJHGEURDGVLGHLVODUJHUWKDQWKDWRIWKH
RWKHUWZRRSHQLQJV$OWKRXJKWKHWRWDORSHQLQJVL]HLVVDPHWKHRSHQLQJQXPEHUVDOWHUWKHDLU
IORZV*HQHUDOO\WKHYHORFLW\RIWKHDLUIORZLQWKHFDELQGHFUHDVHVZKHQLQFUHDVLQJWKHRSHQLQJ
QXPEHU 
7KHFHQWUHYHORFLW\DWWKHPLGGOHGHFNRSHQLQJLVVKRZQLQ)LJ7KHSRVLWLYHYDOXH
UHSUHVHQWVWKHRXWIORZDQGLQYHUVHO\WKHQHJDWLYHYDOXHUHSUHVHQWVWKHLQIORZ2EYLRXVO\WKH
FHQWUHYHORFLW\RIWKHPRGHO 3 1/ 4bG   LVVPDOOHUWKDQWKHRQHGHFNRSHQLQJFDVH,WPD\EH
DWWULEXWHV WR WKDW WKHGHFNRSHQLQJGLVWULEXWLRQDIIHFWV WKHDLU IORZGLUHFWLRQDQG IXUWKHU WKH
YHORFLW\magnitude 
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)LJ 7KH FRPSDULVRQ RI WKH FHQWUH YHORFLW\ RI DLU RQ WKH XSSHU GHFN RSHQLQJ IRU WKH
PRGHOVZLWKGLIIHUHQWRSHQLQJQXPEHUV 
 
,Q)LJDKHHOLQJDQJOHRIWKHPRGHOVEWKHWUDMHFWRU\RIWKHEDU\FHQWUHDQGFWKH
SRVLWLRQRIWKHFURVVVHFWLRQDUHVKRZQUHVSHFWLYHO\7KHGLIIHUHQFHRIWKHPRGHOPRWLRQRFFXUV
ZKHQWKHGDPDJHGRSHQLQJLVIXOO\VXEPHUJHG7KHWUHQGVRIWKHPRWLRQIRUWKHWZRPRGHOVLV
VLPLODUEXWWKHPDJQLWXGHVRIWKHKHHOLQJDQJOHDQGWKHYHORFLW\LVVOLJKWO\VPDOOHUIRUWKHFDVH
RI WKUHHGHFNRSHQLQJV7KHDLUFXVKLRQUHGXFHV WKHVLQNLQJVSHHGRIWKHGDPDJHGFDELQDV
VKRZQLQ)LJE  
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D7KHKHHOLQJDQJOHRIWKHPRGHOV 
  
E7KHWUDMHFWRU\RIWKHEDU\FHQWUH 
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FWKHSRVLWLRQRIWKHFURVVVHFWLRQ 
)LJ7KHPRWLRQIRUWKHPRGHOZLWKGLIIHUHQWRSHQLQJQXPEHUV7KHULJKWLVDPSOLILFDWLRQ
DIWHUW 
 
7KHUHVXOWVIRUWKHGDPDJHGFDELQPRGHOVVLPXODWHGLQWKLVSDSHUDUHEDVHGRQWKHWZR
GLPHQVLRQDOPRGHO,WVKRXOGEHSRLQWHGRXWWKDWE\FRQVLGHULQJWKHWKUHHGLPHQVLRQDOHIIHFW
WKHLQIORRGLQJZDWHUPRYLQJDORQJWKHORQJLWXGLQDOGLUHFWLRQPD\UHGXFHWKHPRPHQWE\WKH
IORRGZDWHU7KHHIIHFWRIWKHEXR\DQWIRUFHLQ'PRGHOPD\UHVXOWLQWKHVLQNLQJUDWHDQGWKH
LQIORRGLQJUDWHPXFKKLJKHUWKDQWKRVHLQ'PRGHOV%\H[WHQGLQJWKH'QXPHULFDOPRGHO
GHYHORSHG LQ WKLV SDSHU WR ' WKH G\QDPLF IORRGLQJ SURFHVV RI D GDPDJHG FDELQ FDQ EH
LQYHVWLJDWHG LQPRUHUHDOLVWLFVLWXDWLRQDQGSURYLGHGLUHFWJXLGDQFH WRPDULQHRSHUDWLRQDQG
VKLSGHVLJQ 
 
4. Conclusion  
,Q WKLV SDSHU D PXOWLSKDVH 63+ PRGHO KDV EHHQ GHYHORSHG 5LJRURXV YDOLGDWLRQV
LQFOXGLQJ WKH GDPEUHDN DQG WKH VLQNLQJ SURFHVV RI DQ LQWDFW UHFWDQJOH ER[ KDYH EHHQ
FRQGXFWHGWRGHPRQVWUDWHWKHVWDELOLW\DQGDFFXUDF\RIWKHSUHVHQWQXPHULFDOPRGHO  
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7KHG\QDPLFIORRGLQJSURFHVVRIWKHGDPDJHGFDELQFRQVLGHULQJWKHDLUIORZLVVWXGLHG
DQG WKH HIIHFWV RI WKH VL]H DQG QXPEHU RI WKH RSHQLQJV DUH H[DPLQHG %HIRUH UHDFKLQJ WKH
PD[LPXPKHHOLQJDQJOHWRWKHRSHQLQJEURDGVLGHWKHPRWLRQRIWKHGDPDJHGFDELQLVPDLQO\
DIIHFWHG E\ WKH IORRGLQJ ZDWHU UDWKHU WKDQ WKH DLU IORZ :LWK WKH IORRGLQJ FRQWLQXLQJ WKH
G\QDPLFH[FKDQJHRIDLUDQGZDWHUWDNHVHIIHFWVRQWKHIORZRIWKHIORRGLQJZDWHUDQGIXUWKHU
WKHIRUFHDQGPRWLRQRIWKHGDPDJHGFDELQ  
)RUWKHGDPDJHGFDELQPRGHOZLWKRSHQLQJVRQWKHXSSHUGHFNWKHDLUWHQGVWRHVFDSH
IURP WKH GHFN RSHQLQJ ZLWK D KLJK VSHHG:KHQ WKH GHFN RSHQLQJ VL]H LV 1/10bG   WKH
PD[LPXPDLUYHORFLW\DW WKHFHQWUHRI WKHGHFNRSHQLQJ UHDFKHVPRUH WKDQ WLPHVRI WKH
YHORFLW\RIWKHLQIORZDWWKHGDPDJHGRSHQLQJ:LWKWKHLQFUHDVHRIWKHVL]HRIWKHGHFNRSHQLQJ
WKHHIIHFWRIDLUIORZUHVWUDLQLQJWKHLQIORZPRWLRQLVZHDNHQHGEXWWKHKHHOLQJDQGVLQNLQJ
UDWHDUHLQFUHDVHGGXHWRWKHLQFUHDVLQJDPRXQWRIWKHIORRGLQJZDWHU)RUWKHVL]HRIWKHGHFN
RSHQLQJ 1/ 4bG ! WKHUHLVOHVVLQIOXHQFHRQWKHPRWLRQRIWKHFDELQZKLOHIRU 1/10bG  WKH
DPSOLWXGHRI WKHKHHOLQJDQJOH LV DSSUR[LPDWHO\ WKHVDPHDV WKDWRI WKHFDELQZLWKRXWGHFN
RSHQLQJEXWFRQVLGHULQJDLUIORZ  
)RUWKHVDPHGHFNRSHQLQJVL]HLQWRWDOEXWVHSDUDWLQJWRPXOWLSOHRSHQLQJVWKHDLUIORZ
LQWKHFDELQEHFRPHVFRPSOLFDWHG:KHQWKHQXPEHULVLQFUHDVHGWKHDLUIORZYHORFLW\LQWKH
FDELQLVJHQHUDOO\GHFUHDVHG7KHVLQNLQJDQGKHHOLQJUDWHLVDOVRGHFUHDVHGGXHWRWKHHIIHFWRI
DLUFXVKLRQ,WVKRXOGEHQRWHGWKDWWKHDLULVFRQVLGHUHGDVDZHDNO\FRPSUHVVLEOHIOXLGLQWKLV
VWXG\,QIDFWWKHFRPSUHVVHGDLULQDLUWLJKWFRPSDUWPHQWVPD\EHQHILWWKHEXR\DQF\RIWKH
VKLSEXWDGYHUVHO\LWPD\DOVREULQJDERXWVRPHLQVWDELOLWLHVZKHQLWLVUHOHDVHGRUXQORDGHG
)XUWKHU UHVHDUFKHV ZLOO EH GHGLFDWHG WR H[WHQGLQJ WKH PXOWLSKDVH PHWKRG WR D FRPSOH[
FRPSDUWPHQWPRGHODQGVWXG\LQJWKHDLUFXVKLRQIRUPHGLQWKHFDELQ 
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